The only demonstrated mechanism for intracistronic genetic complementation requires physical interaction of A mechanism for this phenomenon was elucidated through the work of Garen and Garen (2) and Schlesinger and Levinthal (3). They studied alkaline phosphatase, an enzyme that is composed of two identical subunits (4). In studies of the phoA cistron of Escherichia coli, they showed that complementation could occur, in vivo and in vitro, when heterodimers formed between two different mutation polypeptide chains. In specific pairs of polypeptides, the heterodimer functioned at wild-type levels even though homodimers of each polypeptide were individually mutant. The mechanism for this is that different mutant subunits of a homomultimer compensate for each other and thereby give rise to a functional complex (5, 6). Subsequently, all examples of intracistronic complementation have been shown to involve such a mechanism. While the mutations studied in alkaline phosphatase were missense mutations, deletion mutations are also capable of such complementation, as in the case of the enzyme ,B-galactosidase (7).
Two recessive mutations are said to complement each other if wild-type function is restored in the heterozygote. If the mutations are in two different functional units, called cistrons (1) , the mutations will complement each other because a wild-type copy of each cistron is present in the heterozygote. However, if the two mutations are in the same cistron, they will not usually be able to complement each other. Sometimes, however, particular pairs of mutations in the same cistron can complement each other. This is called intracistronic complementation. This paper is concerned with the mechanism of such intracistronic complementation.
A mechanism for this phenomenon was elucidated through the work of Garen and Garen (2) and Schlesinger and Levinthal (3) . They studied alkaline phosphatase, an enzyme that is composed of two identical subunits (4) . In studies of the phoA cistron of Escherichia coli, they showed that complementation could occur, in vivo and in vitro, when heterodimers formed between two different mutation polypeptide chains. In specific pairs of polypeptides, the heterodimer functioned at wild-type levels even though homodimers of each polypeptide were individually mutant. The mechanism for this is that different mutant subunits of a homomultimer compensate for each other and thereby give rise to a functional complex (5, 6) . Subsequently, all examples of intracistronic complementation have been shown to involve such a mechanism. While the mutations studied in alkaline phosphatase were missense mutations, deletion mutations are also capable of such complementation, as in the case of the enzyme ,B-galactosidase (7) .
In this report, we present evidence for a different mechanism of intracistronic complementation in the Passover (Pas) locus ofDrosophila melanogaster. Pas disrupts specific synaptic connections in the neural circuit underlying the escape response of Drosophila (8) . A light-off visual startle stimulus (9) or a shock to the brain (10) initiates the escape response. This reflex is mediated by the giant fiber system (GFS; see Fig. IA ), eight neurons that relay excitation from the eyes to the muscles of the thorax (10) . The GF axons pass from the brain to the mesothorax, where they synapse with the peripherally synapsing interneuron (PSI) and the motoneuron of the jump muscle (TTM; tergotrochanteral motoneuron). The PSI synapses with the five motoneurons of the wing depressor muscles (DLMs; dorsal longitudinal motoneurons). A single shock activation of the GF elicits a single spike in the TTM and spikes in each of the DLM fibers, resulting in a jump and initial activation of the wings.
Pas flies fail to jump in response to a light-off stimulus. All the neurons are present but brain stimulation elicits no response from the DLMs and only a delayed and intermittent response from the TTM. The defect does not lie in the motor axons, neuromuscular junctions, or muscles; in Pas flies the muscles respond normally to direct stimulation of the motoneurons. Therefore, the abnormalities are in the synapses between the GF and the motoneurons it activates.
Molecular cloning of the Pas locus (11) showed that Pas is expressed specifically in the GFs and its postsynaptic targets in pupae and adults. The protein product is similar to the products of the Drosophila 1(1) optic ganglion reduced (ogre) gene (12) and the Caenorhabditis elegans unc-7 gene (13) . Mutations of unc-7 cause kinking during locomotion. Reconstruction of electron microscope serial sections shows that the connectivity of a premotor interneuron is altered. This is remarkably similar to Pas, where the connectivity of the premotor GF interneuron is disrupted. ogre is necessary for the development of postembryonic neuroblasts, but the mechanism of its action is not yet known. Thus, it appears that Pas is a member of a family of genes involved in neural development. Several other C. elegans cDNAs have sequence similarity and the name OPUS (ogre-passover-unc-shaking B) has been given to the gene family (14) .
Two other mutations (shakB2 and njPl81) are known that fail to complement Pas' and whose phenotypes show different intensities of the same disruption of the GFS. All allele combinations are viable and have similar phenotypes. These three will henceforth be called neural-only alleles. Pas' and shakB2 were mapped cytologically to polytene band 19E3 near the base of the X chromosome (15) and njP181 was shown molecularly to be in the same location (11) .
The 19E3 band is also the location of the R-9-29 complementation group, with nine known alleles. Homozygotes of these alleles are all lethal, and all allele combinations are also lethal. The lethal period is late embryonic or early larval. The R-9-29 alleles, however, exhibited a complex pattern of complementation with the neural-only alleles (15 Fig. 1 C the DLMs responded to 0 of 10 stimuli. The right TTM responded to 2 of 10 and the left TTM responded to 3 of 10. The latency of responses was 1.7 ms instead of the wild-type value of 0.9 ms.
The neural-lethal allele R-9-29 fails to complement this phenotype. Fig. 1D shows the electrophysiological response of the heterozygote between shakB2 and R-9-29. The DLMs do not respond at all; neither does the right TTM, while the left TTM responds to 4 of 10 shocks. When the TTM does respond, its latency is abnormally long at 1.7 ms. Fig. 1 E and F shows the responses in flies heterozygous for shakB2 and either EF535 (Fig. 1E) or L41 (Fig. 1F) . The responses are normal. All four muscles respond at the wildtype latencies with no failures. In both heterozygotes, the muscles respond to each shock up to stimulus frequencies of 100 Hz (data not shown). The two lethal alleles EF535 and L41 complement the electrophysiological phenotype of shakB2. These results are quite general. As well as R-9-29, the lethal alleles 17-189, 17-360, E81, EC201, and HM437 do not complement Pas' or shakB2 (15) . EF535 and L41 complement Pas' and njP181 as well as shakB2 (15 Proc. NatL Acad ScL USA 92 (1995) 2023 that initiate within the third intron, which is 15 kb long. The 5' end of the cDNAs is composed of a single exon that is encoded within the past intron.
The clones then continue with a sequence that is identical to that of the 3' pat exons. Hybridization back to the genomic sequences indicates two separate 5' sequences and a single 3' sequence (Fig. 2) . Thus, there are two alternative transcripts that have distinct promoters and 5' ends but share a common 3' end (Fig. 3) . We denote the second sequence as pas".
The sequence of the pasV-specific 5' exon is highly similar to the first two coding exons of the pasN transcript (Fig. 4) ; 69% of the amino acids coded for by these sequences are identical. Another 11% of the amino acids represent conservative sub- stitutions. Thus, there has apparently been a duplication of the 5' sequences with some divergence in the sequence and the introduction (or loss) of two introns in one of the sequences. The pasV and pasN sequences are also highly similar to the corresponding region of the ogre protein. pasV and ogre are 50% identical and 64% similar in this region. pasN and ogre are 49% identical and 61% similar. Both pasV and ogre extend somewhat further in the N-terminal direction than pasN; the 5' exon encodes 120 aa in pasV, whereas the corresponding sizes in ogre and pasN are 119 and 109 aa, respectively.
Furthermore, all three of these Drosophila proteins are similar (Fig. 5) (14) . Lesions in Mutant Alleles. We have previously shown that the neural mutations all map in the neural-specific exon at the 5' end of the complex (11) . We have now identified the molecular lesions in the lethal-only and neural-lethal alleles. The lethal-only alleles map to the pasV-specific exon. The neural-lethal alleles are all caused by lesions in the common 3' wild-type amounts, the amount produced is sufficient to result in a wild-type fly. Therefore, intracistronic complementation could occur without a multimerization step.
We believe this mechanism for intracistronic complementation might be common. Molecular analysis shows that many loci encode two transcripts with unique 5' exons spliced onto common 3' exons. Recent examples in Drosophila include the Punch locus (18) and the pointed locus (19) . In other cases, the 5' exons are shared but spliced onto different 3' exons (20) . While mutations were not always mapped onto these exons in these papers, nor were the complementation tests performed, it is likely that a situation similar to that of Pas will be found. Indeed, it should be possible to demonstrate complex complementation in any multiply spliced gene. It is likely that the mechanism of intracistronic complementation discussed in this paper will be more common than the classical mechanism.
